The small GTPases Cdc42 and Rac regulate a variety of biological processes, including actin polymerization, cell proliferation, and JNK͞mitogen-activated protein kinase activation, conceivably via distinct effectors. Whereas the effector for mitogen-activated protein kinase activation appears to be p65 PAK , the identity of effector(s) for actin polymerization remains unclear. We have found a putative effector for Drosophila Cdc42, Genghis Khan (Gek), which binds to Dcdc42 in a GTP-dependent and effector domaindependent manner. Gek contains a predicted serine͞ threonine kinase catalytic domain that is 63% identical to human myotonic dystrophy protein kinase and has protein kinase activities. It also possesses a large coiled-coil domain, a putative phorbol ester binding domain, a pleckstrin homology domain, and a Cdc42 binding consensus sequence that is required for its binding to Dcdc42. To study the in vivo function of gek, we generated mutations in the Drosophila gek locus. Egg chambers homozygous for gek mutations exhibit abnormal accumulation of F-actin and are defective in producing fertilized eggs. These phenotypes can be rescued by a wild-type gek transgene. Our results suggest that this multidomain protein kinase is an effector for the regulation of actin polymerization by Cdc42.
Small GTPases of the Rho subfamily fulfill important cellular functions (1, 2) . In mammalian fibroblasts, Rho, Rac, and Cdc42 regulate actin polymerization that underlies the formation of stress fiber, lamellipodia, and filopodia, respectively. In addition to the regulation of the cytoskeleton, the Rho family GTPases are involved in the activation of kinase cascades and regulation of cell proliferation (1, 2) . Indeed, perturbations of the activity of these GTPases in yeast, flies, and mice result in disruptions of many biological processes, including yeast budding (3), axon and dendrite outgrowth (4, 5) , myoblast fusion (4), epithelial cell shapes (6, 7) , and tissue polarity establishment (8) .
Different functions of the Rho family GTPases are likely to be mediated by different downstream effectors. Several structurally distinct effectors have been found for Rho (9) . Rac and Cdc42 share more sequence similarities than they do with Rho, and they also share some common effectors. Recent studies using effector-domain mutants have shown that different effectors serve different functions. For example, point mutations in Rac and Cdc42 that eliminate their abilities to bind to Pak, a protein kinase effector for both GTPases, disrupt their functions in mitogen-activated protein kinase activation, but not in cytoskeleton regulation (10, 11) , suggesting that Pak is the effector for Rac and Cdc42 in the activation of the mitogen-activated protein kinase cascades. The effectors of Rac and Cdc42 for the regulation of actin polymerization remain to be characterized.
To understand the mechanisms by which Cdc42 and Rac regulate neuronal morphogenesis (12) , we set out to identify additional components in the Cdc42͞Rac signaling pathways in Drosophila. In this paper, we describe the study of a multidomain protein kinase, Genghis Khan (Gek), which appears to be a downstream effector of Drosophila Cdc42 and a regulator of actin polymerization.
MATERIALS AND METHODS
Two-Hybrid Screen. Detailed procedures for library screening and subsequent testing of isolated clones are described in ref. 13 . 3-amino-triazole was added at 20 mM to triple selection plates to reduce false positives during the selection for His ϩ . Of 6 million clones screened, two independent clones of gek were isolated (c17 twice, c12 once, see Fig. 2a) .
In Vitro Interaction.
35
S-labeled full-length wild-type Gek and Gek⌬ISP proteins were generated in vitro by using the TNT Coupled Reticulocyte Lysate System according to manufacturer's specifications (Promega). Forty-five microliters of the reaction product was incubated with glutathione Stransferase fusion proteins of various GTPases purified from 400 l of induced culture and 20 l glutathione-Sepharose (Pharmacia) in 50 mM Tris⅐HCl, pH 7.5͞50 mM NaCl͞5 mM MgCl 2 ͞1 mM DTT͞0.01% Nonidet P-40͞33 M GTP␥S (total volume 300 l) for 1 hr at 4°C. Proteins bound to the Sepharose beads were isolated by centrifugation, washed, and subjected to SDS͞PAGE. The dried gel was exposed to x-ray film to reveal Gek proteins that were bound to the GTPases. Molecular Biology. A 5.1-kb cDNA clone that contains the entire ORF of Gek was isolated from the Brown's embryonic library (14) by using digoxigenin-labeled (Boehringer) clone c17 (see Fig. 2a ) as a probe. Sequence analysis revealed a single ORF from nucleotides 189-5020, encoding a protein of 1,613 amino acids (see Fig. 2a ). The translation initiation codon was preceded by stop codons in all three reading frames. A polyadenylation signal AATAAA was identified at nucleotide 5086, followed by a poly(A) tail starting at nucleotide 5114. The complete cDNA and protein sequences are deposited in the GenBank. Homology search was performed by using the BLAST program. Sequence alignments (see Fig. 2 b-d) were performed by using the program CLUSTAL W, and identity and conservative changes were highlighted by using the BOXSHADE program.
Point mutations in the kinase domain and in the Cdc42-binding domain were introduced via oligo-directed mutagenesis according to manufacturer's specification (Amersham).
Wild-type and A105K Gek (point mutations in the kinase domain) were fused in-frame with two copies of myc epitope at their N-termini and subcloned into a Schneider cell expression vector that contains the actin 5C promoter (15) for transfection.
A P-element insertion line obtained from the Drosophila Genome Project was found to have a P-element inserted between nucleotides 51 and 52 with respect to the numbering of the gek cDNA (see Fig. 4 ). Plasmid rescue recovered an XbaI fragment that contains 2 kb of sequences 5Ј to the insert. The sequence from the rescued plasmid did not match the sequence from nucleotides 1-51 of the cDNA, or the sequence of the corresponding genomic DNA, and yet the clone maps to 60B by chromosome in situ hybridization, indicating that a deletion is associated with the P-element insertion (see Fig. 4 ). With primers from the plasmid rescue fragment and those of the gek coding region, we used PCR to identify deletions of gek generated from imprecise P-element excisions (see Fig. 4 ). The extent of deletion of gek D23 was determined by direct sequencing of the PCR products (the first 651 nucleotides of the cDNA and the coding sequences for the first 155 amino acids are deleted). Exon͞intron structures were deduced from the comparison of genomic and cDNA sequences and from restriction enzyme analysis.
The rescue construct was made by piecing together genomic DNAs obtained from the gek region. The final construct contains DNA from Ϫ6 kb to ϩ6.6 kb, with reference to the first nucleotide of the cDNA (see Fig. 4 ). Northern analysis was performed by using poly(A) ϩ mRNA derived from 250 g of total RNA from ovary and hybridized with 32 P-labeled DNA fragments corresponding to the entire rescue construct.
Transfection, Immunoprecipitation, and Kinase Assay. Schneider S2 cells were transfected with actin 5C promotermyc-Gek (wild-type or A105K) expression constructs by using the calcium phosphate precipitation method as described (15) . Thirty-six hours after transfection, cells from two 25-cm 2 T flasks were collected and lysed for 20 min on ice in 400 l of lysis buffer containing 50 mM Hepes (pH 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM EDTA, 25 mM NaF, 10 mM ␤-glycerophosphate, 5 mM sodium pyrophosphate, 0.2 mM orthovanadate, with the following protease inhibitor: 0.2 mM phenylmethylsulfonyl fluoride, 1 g͞ml leupeptin, 1 g͞ml pepstatin, and 0.1 g͞ml aprotinin. The supernatant collected after a 10-min spin at 14,000 rpm at 4°C was mixed with equal volume of IP wash buffer (identical to lysis buffer except only 0.1% Triton X-100 was included) and precleared with 30 l of protein G-Sepharose for 30 min at 4°C. The supernatant was incubated with 20 l of mAb 9E10 against myc (Santa Cruz Biotechnology) for 4 hr at 4°C, with 30 l of protein G-Sepharose for an additional 30 min. The immunoprecipitate was collected at 4,000 rpm for 30 sec, washed three times with IP wash buffer, and once with kinase buffer containing 2 mM DTT, 5 mM MnCl 2 , 10 mM MgCl 2 , 50 mM NaCl, 50 mM Hepes at pH 7.3, 0.03% Briji 35. The immunoprecipite was resuspended in a total volume of 30 l containing 1 ϫ kinase buffer, 5 g of histone 2A (Sigma), and 44 M (4 mCi) of [␥-32 P]ATP. The kinase reaction was carried out at 30°C for 30 min. The reaction was stopped by the addition of equal volume of 2ϫ SDS sample buffer and subjected to SDS͞PAGE analysis. Phosphorylation of histone was visualized by PhosphorImager (see Fig. 3 ).
Analysis of Germ-Line Mosaic. D1 ]͞FRT,gek) were mated with sibling males and maintained in vials with fresh yeast for a few days, before egg collection for fertility analysis (see Fig. 5a ) and ovary dissection for histological analysis. Ovaries were dissected in ice-cold 100 mM phosphate buffer pH 7.2 (PB), fixed in 4% formaldehyde in PB for 20 min at room temperature, and washed several times in PBT (PB ϩ 0.1% Triton). Phalloidin and antibody staining was conducted in PBT with the following conditions: rhodamine-phalloidin (Molecular Probes), 4 units͞ ml; anti-Hts, 1:1; anti-Kelch, 1:1; anti-phosphotyrosine (4G10, Upstate Biotechnology, Lake Placid, NY), 1:200; dichlorotriazinly amio fluorescein-coupled secondary antibodies (The Jackson Laboratory), 1:200. Images were collected on a MRC 600 confocal microscope and processed with Adobe Photoshop and Adobe Illustrator.
Naming the Gene. Prompted by the phenotype of ectopic F-actin accumulation, we named our protein after the powerful Mongolian emperor Genghis Khan. The shortened name, Gek, also stands for GTPase effector kinase.
RESULTS
Identification of Gek as a Drosophila Cdc42-Binding Protein. To search for proteins that physically interact with the Drosophila small GTPases Drac1 and Dcdc42, we used the yeast two-hybrid method (16) and used as bait the LexA DNA-binding domain fused with Drac1 or Dcdc42 (4) bearing two modifications. First, Gly-12 was changed to Val-12 to disrupt the GTPase activity, so that the mutant proteins remain GTP-bound and thus are constitutively active (4, 17) . Second, the C-terminal Cys-XXX motif responsible for lipid addition and membrane targeting (18) was changed to Ser-stop to facilitate nuclear targeting of the fusion proteins.
Two independent clones of gek (see Fig. 2a ) were isolated from a yeast two-hybrid library containing cDNAs derived from 3-to 12-hr Drosophila embryos, based on their abilities to bind to Dcdc42V12 (Fig. 1a) . Further tests revealed that Gek does not bind to Dcdc42N17 (Fig. 1a) , a dominant negative mutant that preferentially stays in the GDP-bound state (17, 19) . The ability of Gek to bind Dcdc42 in its GTP-bound, but not GDP-bound, form suggests that it is an effector of Dcdc42. This possibility is consistent with the finding that a mutation in the Dcdc42 effector domain (A35) important for signaling to downstream targets eliminated Gek binding. Gek does not bind to Drac1V12 (Fig. 1a) .
To confirm the specific physical interaction of Dcdc42 and Gek, we incubated 35 S-labeled in vitro-translated Gek with purified glutathione S-transferase fusion proteins of various forms of Dcdc42 and Drac1 and examined whether glutathione-Sepharose could coprecipitate Gek. We found that Dcdc42V12, but not Dcdc42V12A35, binds to wild-type Gek protein in this assay (Fig. 1b, lanes 3 and 4) . Neither Drac1V12 nor Drac1V12A35 binds to Gek (Fig. 1b, lanes 1 and 2) . Taken together with the data from the two-hybrid assay, these findings indicate that Gek is likely an effector specific for Dcdc42.
Primary Structure of Gek. Sequence analysis of a full-length cDNA clone revealed that gek encodes a large protein of 1,613 amino acids (Fig. 2a) . The N terminus of Gek contains a predicted Ser͞Thr kinase catalytic domain (20) (Fig. 2b) . It is followed by a large coiled-coil domain with sequence homology to myosin heavy chain (Fig. 2a) , a Cys-rich domain similar to the phorbol ester͞diacylglycerol binding domain of protein kinase C (21) (Fig. 2c) , and a pleckstrin homology domain (Fig.  2d) , which is found in many signaling molecules and used for protein-lipid interactions and the recruitment to the cell surface (22) . Near the C terminus of Gek resides the sequence that resembles a Cdc42͞Rac interactive binding (CRIB) domain (Fig. 2e) (23) . Indeed, deletion of three residues in Gek (Gek⌬ISP) (Fig. 2e ) that correspond to three conserved residues of the CRIB domain disrupted its binding to Dcdc42 (Fig. 1b, compare lanes 3 and 7) .
Gek exhibits strong sequence similarity with human myotonic dystrophy protein kinase (DMPK) (24) . Gek and DMPK share 63% amino acid sequence identity within the 271-aa 12964 Cell Biology: Luo et al.
Proc. Natl. Acad. Sci. USA 94 (1997) catalytic core (Fig. 2b) , and the sequence similarity between these two proteins extends beyond the catalytic domain in both directions ( Fig. 2 a and b) . DMPK, however, is much smaller than Gek. Interestingly, a recently identified class of Rhobinding kinases (25) (26) (27) , which may function as effectors of the small GTPase Rho, is similar to Gek in their domain structures (Fig. 2a) . In addition, the kinase domain of the Rho-binding kinase is also similar to DMPK, although DMPK is more similar to Drosophila Gek than to mammalian Rho-kinase (63% vs. 49% identity in the catalytic core). Also the phorbol ester binding domain of protein kinase C bears stronger similarity to the Cys-rich domain of Gek (Fig. 2c) than that of the Rho-binding kinase (25) (26) (27) . Gek Is a Protein Kinase. To test if Gek exhibits kinase activity, we transfected Drosophila Schneider cells (S2) with a myc-epitope-tagged wild-type Gek expression construct under the control of a ubiquitous actin promoter. We then used anti-myc antibody to immunoprecipitate the Gek protein. By using histone as a substrate, we detected kinase activity in the complex immunoprecipitated from cells transfected with mycGek but not from mock transfected cells (Fig. 3 , compare lanes 2 and 4 with lane 1). To rule out the possibility that the kinase activity is caused by another kinase that is tightly associated with Gek during the immunoprecipitation procedure, we transfected S2 cell with a myc-tagged mutant Gek construct (A105K) bearing a mutation of the lysine residue in the kinase domain predicted to be essential for kinase activities (28) . Immunoprecipitated myc-GekA105K did not exhibit any kinase activity above background (Fig. 3, lanes 3 and 5) , although the GekA105K protein is expressed at a comparable level as wild-type Gek, indicated by Western blot probed with anti-myc antibody (data not shown). Because it is unlikely that a single point mutation in the kinase domain would disrupt the binding of Gek to other associated protein(s), we conclude that the Gek protein exhibits kinase activity.
gek Mutants Exhibit Abnormal Actin Polymerization. To investigate the in vivo function of Gek, we initiated genetic analysis by generating loss-of-function mutations in the gek locus. Having mapped gek by chromosome in situ hybridization to region 60B (data not shown), we identified a Drosophila mutant with a P-element insertion in the 5Ј untranslated region of the gek transcription unit (Fig. 3) along with a deletion of sequences upstream of the insertion site (see Materials and Methods). We then used a PCR-based screen and identified a number of imprecise P-element excisions that have additional deletions of the gek gene. We have used three such alleles for phenotypic analysis (Fig. 4) . These alleles gave similar results in all of the studies described below. One of these alleles, gek D23 , lacks the sequences between the P-element insertion site and the codon for amino acid 156 of the Gek protein, and hence has a deletion that removes the N-terminal third of the catalytic domain of the kinase (20) .
Homozygous gek mutants die as larvae. Prompted by the high level of the gek transcript in precellularization stage embryos (data not shown), we investigated the possible function of gek in oogenesis by generating females that contained germ-line clones homozygous for gek by using the highefficiency germ-line mosaic method (29) . This method is designed to eliminate germ-line cells that are not homozygous for gek. Although the number of eggs produced from gek mosaic females was comparable to that from control mosaic females, only 5% of the eggs were fertilized (Fig. 5a ). This suggests that Gek function is essential for proper oogenesis.
To test whether Gek is involved in the formation of the well characterized actin cytoskeleton in egg chambers (30), we compared the actin cytoskeleton of wild-type and gek mutant egg chambers by using phalloidin staining, which labels polymerized actin (F-actin). The F-actin-rich ring canals between nurse cells and between the oocyte and the nurse cells (30) were present in egg chambers homozygous for gek D23 (Fig. 5d,  arrows) . However, the cortical F-actin that surrounds the nurse cells appeared abnormal (compare Fig. 5 c and b) , and ectopic F-actin blobs frequently were observed in the nurse cells (Fig.  5d, arrowheads) and oocytes (Fig. 5c) . Interestingly, ectopic F-actin blobs in nurse cells (but not in oocytes) also contained proteins normally restricted to ring canals (31), including Hu-li tai shao (Hts) (Fig. 5dЈ) , Kelch (not shown), and antigens recognized by antibodies to phosphotyrosine (not shown). Hts and Kelch are homologous to the actin binding proteins adducin and scruin, respectively (32, 33) . These findings suggest that loss of Gek function in germ-line cells alters the distribution of F-actin and actin binding proteins. In late-stage oocytes, ectopic actin polymerization was manifested as nu- To confirm that the oogenesis defects were caused by loss of gek function and not a neighboring gene that might be deleted in these mutants (Fig. 4) , we transformed flies with a transgene (T35) that includes a genomic DNA fragment containing the entire gek transcription unit and 6 kb of genomic sequences upstream from the beginning of the gek cDNA (Fig. 4) . Although the lethality of homozygous gek mutants is not rescued by this transgene, possibly caused by the absence of some of the regulatory elements or another vital gene deleted in gek mutants, the fertility defect (Fig. 5a ) and actin phenotypes in egg chambers (data not shown) are completely rescued in germ-line mosaic animals bearing such a transgene. Northern analysis revealed that in addition to a 5.1-kb transcript that represents gek, a 7.1-kb transcript was detected with probes upstream of the XbaI site located at Ϫ2.5 kb (Fig. 4) . Even if (41) . Citron also shares general structural similarity with Gek yet no kinase domain was reported (41) . Note that the PH domain of Rho-k is split by a Cys-rich domain. (e) The Cdc42-binding domain of Gek aligned with a recently identified Cdc42͞Rac interactive binding consensus sequence (23) . The position of the three amino acids deleted in Gek⌬ISP is indicated. In all parts, the numbers represent that of amino acids within their respective proteins, whereas black and gray shadows represent identity and conservative changes of amino acids among different proteins, respectively. no introns corresponded to this 7.1 transcript, the rescue construct could not have contained the entire transcription unit from this gene. Therefore we conclude that the oogenesis phenotypes are caused by loss of gek function.
DISCUSSION
Our studies suggest that Gek is an effector of Dcdc42 for its regulation of actin polymerization. The binding properties of Gek to Dcdc42 are consistent with its role as a downstream effector of Dcdc42. Moreover, the oogenesis phenotypes of gek mutants indicate that the function of Gek is required for the integrity of the actin cytoskeleton in vivo. Because the most prominent phenotype in gek mutants is ectopic actin polymerization, we infer that the normal function of Gek is to negatively regulate actin polymerization.
Expression of constitutively active and dominant negative Dcdc42 mutants in egg chambers results in qualitatively similar phenotypes (34) . They include defective cortical F-actin around nurse cells and free floating ring canal components, similar to what we observed in gek mutants (Fig. 4) . The phenotypes caused by overexpressing dominant mutants of Dcdc42, however, are more severe than those of gek mutants and are associated with a block of oogenesis at earlier stages as compared with loss of function gek mutants. The gek mutants we used are unlikely to have residual Gek activity given that part of the kinase domain is deleted in gek D23 . Moreover, the mitotic recombinations that generate the germline clones happen several days before the maturation of egg chambers, rendering it unlikely that perdurance of the Gek protein should be a problem. This raises the possibility that Gek is not the only effector for Cdc42 in regulating actin polymerization. Potential candidates for additional Cdc42 effectors in regulating actin cytoskeleton include the recently identified WASP family of proteins (35, 36) , and as-yetunidentified effector(s) for filopodia formation that do not contain the Cdc42-Rac interactive binding domain, as inferred from studies of effector domain mutants (10) .
It is intriguing that a class of recently identified mammalian Rho-binding kinases (25) (26) (27) , which also was reported to bind to Rac (10, 11) , share structural motifs similar to those of Gek (Fig. 2a) . The Rho-binding kinases may be involved in regulating myosin phosphatase (37), stress fiber formation, and actin polymerization (27) . It is thus likely that a family of these multidomain kinases exists in both Drosophila and mammals, and that each member of this family serves as an effector of one or a subset of the Rho family small GTP-binding proteins in regulating the actin cytoskeleton. Finally, the strong sequence similarities between fly Gek and human DMPK suggest a role for DMPK in regulating cellular morphology.
